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We investigate the current-voltage characteristics of a p-doped resonant tunneling diode. In the voltage
range slightly above the bias corresponding to resonant tunneling of holes into the first light-hole subband of
the quantum well, we observe two satellite peaks which we attribute to plasmon-assisted tunneling transitions.
A theoretical model is presented to account for these peaks. The model is based on the excitation of intrasub-
band and intersubband heavy-hole plasmons in the quantum well by hot holes injected close to the energy of
the first light-hole subband. We also study the behavior of the satellites when a magnetic field is applied either
parallel to or perpendicular to the current. S0163-18299651540-7
Perhaps the most direct demonstration of the quantized
nature of plasma excitations is the energy-loss spectrum of
high-energy electrons injected into a metallic film where
peaks are observed due to the excitation of bulk plasmons.1
Recently, an analogous effect has been observed due to plas-
mon excitation of the degenerate two-dimensional electron
gas in the quantum well QW of a double-barrier resonant
tunneling diode RTD.2 The RTD was constructed with tun-
nel barriers of different thickness so that a significant buildup
of electron charge in the QW occurred when the device was
biased for resonance.3,4 A satellite feature was observed in
the current-voltage characteristics I(V) which arose from the
excitation of two-dimensional plasmons in the degenerate
electron gas of the quantum well.5 The satellite was observed
at bias voltages slightly beyond the condition for resonant
tunneling into the first electronic subband of the quantum
well. The excitation energy of the plasmon is provided by the
excess energy of electrons tunneling into the quantum well
from the negatively biased emitter contact. In this bias range
the current is not single valued due to an electrostatic effect
associated with space-charge buildup in the quantum well at
resonance.2,6 This gives rise to a ‘‘voltage overhang’’ in
I(V) which leads to intrinsic current bistability when the
RTD is measured with a conventional voltage sweep
circuit.3,4 To explore the region of I(V) where the plasmon
satellite occurs requires a circuit with negative output resis-
tance NOR.6
In this paper, we investigate the analogous process of hole
tunneling in a p-type RTD, and observe two distinct satellite
peaks which we attribute to the excitation of two-
dimensional 2D hole plasmons in the QW. The special in-
terest in studying this type of device is that the band structure
of the hole states in the quantum well is more complex7,8
than that of electrons. We present a model to account for the
current-voltage characteristics I(V) and find significant con-
tributions to the current from plasmon excitations due to both
intrahole and interhole subband processes. We investigate
the effect of magnetic field on the hole-plasmon features in
I(V).
A schematic band diagram of the device with an applied
bias is shown in Fig. 1. It consists of a 4.5-nm emitter AlAs
barrier and a 5.7-nm collector AlAs barrier enclosing a
4.2-nm GaAs quantum well. The asymmetric nature of the
device gives rise to hole space-charge buildup in the well for
resonances in one bias direction. Undoped GaAs spacer lay-
ers of 5.1 nm separate the barriers from graded p-type Be
doped GaAs contact layers. Under bias, a two-dimensional
hole gas 2DHG accumulates on the positively biased hole
emitter side of the device. The I(V) characteristics reveal
several resonant features corresponding to tunneling into
heavy-hole (HHn) and light-hole (LHn) subbands of the
quantum well. Here, n is in the quantum number of the en-
velope function. Full details of the composition of the device
are given in Ref. 7, which also describes a series of magne-
FIG. 1. Schematic band diagram of the device biased close to
the LH1 resonance. The 2D subband energy in the emitter is Ez and
of HH1 in the QW is Ec .
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totunneling measurements on the same device. In the pres-
ence of high magnetic fields B applied parallel to the tunnel
current, magneto-oscillations periodic in 1/B were observed
at various values of bias voltage. These provided us with
estimates of the sheet density of holes in the emitter-
accumulation layer and in the quantum well. It is found that
a significant hole density is present in the quantum well at
biases beyond the LH1 resonance, even when the device is
off resonance. The holes occupy mainly the HH1 QW sub-
band due to rapid thermalization by phonon emission.9
Figure 2 shows the I(V) characteristics of the RTD at 4.2
K in the bias range of the LH1 resonance. The figure also
shows the effect on the LH1 resonance of B applied along
the direction of current flow BJ. This is the only resonance
which shows the intrinsic bistability effect. The current at the
lower bias HH1 resonant peak not shown is very small and
exhibits no bistability effect. The full I(V) curve between 0
and 2 V is shown in Ref. 7. The NOR circuit allows us to
probe the voltage overhang region, which is inaccessible
with a conventional voltage sweep circuit. Two satellite fea-
tures can be observed within the overhang region of the main
resonance. These are indicated by arrows in Fig. 2. At the
bias of the first satellite peak, holes tunnel into the quantum
well at energies above that of the LH1 subband, even though
the voltage position of the satellite feature is slightly below
that of the LH1 resonant peak. This apparent anomaly is
caused by the electrostatic effect of hole space-charge
buildup in the quantum well on resonance,2,6 which is the
origin of the Z-shaped resonant peak. In the region of current
falloff, a weak shoulderlike feature is present in I(V) at low
values of B and I60 A indicated by an asterisk. This is
an artefact due to high-frequency oscillations of the current
through the circuit, since it is impossible to stabilize the cir-
cuit over the entire range of bias, even when the NOR tech-
nique is used.6 However, the circuit is stable elsewhere, par-
ticularly in the regions of interest, i.e., the resonant peak and
the satellite features beyond it.
To describe the plasmon-assisted resonant tunneling of
holes, we develop the approach used successfully to explain
a similar process in electron tunneling.5 The model includes
explicitly the coupling between the holes tunneling from the
emitter accumulation layer and the plasmon excitations of
the degenerate hole gas in the HH1 subband of the quantum
well. Note that, although the voltage across the device is well
beyond the HH1 resonance, hole relaxation in the well still
leads to a high population of this subband. The tunneling
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where L (R) is the bandwidth due to tunneling through the
left right barrier and LR . The 2D subband energy
in the emitter is Ez , and of HH1 in the QW is Ec . For the
tunneling hole, the energy change in the plane of the quan-
tum well is EkEkq where q and k are, respectively,
the wave vectors of the plasmon and the tunneling hole in the
plane of the QW. Nq() is the boson distribution function
and (q ,) is the dielectric function of the system. Vq is the
Fourier transform of the Coulomb interaction energy be-
tween the holes in terms of the plasmon wave vector and 

ts , where t and s are the times for which the interaction
occurs for the two particles. The summation over q is limited
to qqF
c where the plasma cutoff wave number is qF
c Ref.
5 above which the plasmon is heavily damped.
To apply Eq. 1 to hole tunneling we define the energy
EHLE(LH1)E(HH1) and we assume that there is only a
significant population of the HH1 subband. Unlike the elec-
tron case5 where only one plasmon-assisted process was ob-
served, for holes we have two QW subbands HH1 and LH1
relatively close in energy. Therefore, when the system is bi-
ased such that the energy of holes in the emitter is slightly
higher than E(LH1), we have to consider two plasmon-
assisted processes; i a hole of energy EH tunnels into the
LH1 subband, disposing of its extra energy by the emission
of an intrasubband heavy-hole plasmon of frequency HH
so that EHE(LH1)HH ; ii a similar process, this
time emitting an intersubband plasmon of frequency HH* so
EHE(LH1)HH* and HH* 
2HH2EHL
2 1/2. An
intersubband plasmon excitation involves the motion of
FIG. 2. I(V) characteristics at 4.2 K in various BJ near the
LH1 resonance measured with the NOR circuit. The arrows indicate
the plasmon-related features in the I(V) curve at B0. The struc-
ture near the asterisk is due to circuit instability. Successive curves
are at 2-T intervals.
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charge perpendicular to the plane of the quantum well, al-
though it should be noted that for the HH1-LH1 plasmon, the
envelope functions of the two states are very similar. We
ignore any contribution from the light-hole plasmon since
the population of this subband is measured to be low.
To obtain a qualitative and quantitative picture of the
peak separation and the relative strength of processes i
and ii, we use a simplified model in which both light holes
and heavy holes are treated as free and ideal two-
dimensional hole gases. Band mixing and finite wave func-
tion spreading along z are both neglected. Assuming intra-
subband and intersubband modes are well separated in
energy, the imaginary part of the inverse dielectric function

















where 0EHL / . The tunneling current I can be calculated
using Eqs. 1 and 2 and integrating over energy.5 For the
calculation we took EHL20 meV, HH16(q/qc)
1/2
meV, 1 meV, and r12. Hole densities in the emitter
and the well were taken to be equal at 21015 m2 as mea-
sured previously in these devices.9,10 The theoretical results
for T0 are plotted in Fig. 3. Two resonant satellite peaks
are predicted marked by arrows in Fig. 3 due to intrasub-
band and intersubband plasmon-assisted tunneling. The
lower-energy satellite peak represents tunneling of holes
with the excitation of intrasubband plasmons in the HH1
state in the well. The excitation of the more energetic inter-
subband plasmons is responsible for the second satellite peak
in Fig. 3. There is reasonable quantitative agreement be-
tween experiment and theory for the relative sizes and volt-
age positions of the two satellites of the LH1 resonance.
Using the experimentally determined value9 of , the ratio of
the voltage drop across the device to energy difference be-
tween the emitter and the well, we estimate the satellite
peaks at B0 of Fig. 2 to be separated by 32 mV, corre-
sponding to an energy difference of 5 meV. This compares
reasonably well with the theoretical spacing of 7 meV in
Fig. 3. It is difficult to compare the satellite spacing with the
bias position of the LH1 resonance due to the difference
between the hole charge density in the quantum well on the
LH1 resonance and on the satellites. However, the qualita-
tive similarity between Figs. 2 and 3 supports the interpreta-
tion that both satellite features in the I(V) curve arise from
plasmon-assisted tunneling of holes.
In order to investigate the satellites further, we have
studied the effect of magnetic field B, oriented either parallel
to or perpendicular to the current. The effect of BJ is shown
in Fig. 2. There is a small shift of the main resonance to-
wards higher bias and both plasmon peaks are apparently
quenched for B7 T. At this magnetic field, the plasmon
mode is strongly modified by cyclotron motion. Note that
the magnetic-field behavior for the plasmon satellites is
quite different from that of the satellite associated with tun-
neling accompanied by the emission of a longitudinal-optic
LO phonon.4 In that case the quantization into Landau lev-
FIG. 4. I(V) characteristics at 4.2 K measured with a NOR
circuit with BJ for 0B12 T at 1-T intervals. The arrows have
the same meaning as in Fig. 2. The inset shows I(V) measured with
a conventional circuit for T300 mK in B10, 12, 14, and 16 T.
FIG. 3. Calculated tunneling current as a function of the energy
difference EzEc see Fig. 1. This energy difference can be re-
lated to the bias voltage V by the expression EzEceV/ , where
 is the electrostatic leverage factor.
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els of the carrier motion in the quantum well leads to an
increase in the strength of the LO phonon satellite as B
increases.11
The effect on the satellites of B perpendicular to the cur-
rent BJ is much weaker and is shown in Fig. 4. The main
effect of B in this configuration is to decrease the amplitude
of the main LH1 resonance, which is also shifted towards
lower bias. This bias shift can be explained by conservation
of canonical momentum in the tunneling process and by the
LH1 energy-wave-vector dispersion curve, which shows
electronlike negative hole effective mass behavior.11 This
causes the resonant peak to shift to lower bias with increas-
ing B . The reduction of the amplitude of the LH1 resonance
may be related to the increasing barrier heights at the tunnel-
ing energy which accompany the shift of the resonance con-
dition to lower bias. However, the voltage positions of the
plasmon satellites should not shift: first, the magnetic field in
the plane of the QW perturbs the plasmon excitation only
slightly since the field does not couple to the in-plane collec-
tive motion; secondly, canonical momentum of the tunneling
electron is not conserved for plasmon-assisted tunneling. In
addition, the magnetic length l B is large compared to the
QW width so that the magnetic field will not affect signifi-
cantly the coupling of the HH and LH subbands. This prob-
ably accounts for the persistence of the two plasmon satel-
lites up to 12 T for BJ. Measurements made at 0.3 K with
a conventional bias circuit inset of Fig. 4 show the presence
of both satellites for BJ up to 16 T, although there is some
indication that the peaks are weaker at this field. For
BJ12 T, it is possible to observe both features with a
conventional circuit due to the shift and decrease in ampli-
tude of the main LH1 resonant peak.
In summary, we have observed satellite peaks due to hole-
plasmon-assisted resonant tunneling processes in the current-
voltage characteristics of a p-type double barrier heterostruc-
ture. The magnetic field dependence of these satellites is
investigated, described and discussed qualitatively. A simple
theoretical model is presented which accounts quantitatively
for the strength in comparison to the principal hole resonant
peak.
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